Drosophila melanogaster, the fruit fly, is a commonly used model organism because of its homology to mammals and facile genetic manipulations. However, the size of the nervous system is very small. We report a method to evoke and detect rapid changes in extracellular dopamine in a single nerve cord isolated from a Drosophila larva. Flies were genetically modified to express Channelrhodopsin-2, a blue-light activated cation channel, in only dopaminergic neurons. Extracellular dopamine changes were measured with fast-scan cyclic voltammetry at an implanted carbon-fiber microelectrode. Stimulations of 7 s with blue light result in an average peak dopamine concentration of 810 ( 60 nM, similar to electricallystimulated release in mammals. Stimulations repeated at 15 min intervals are stable for 65 min, allowing pharmacological experiments in the same sample. Peak duration is extended after cocaine or nisoxetine, inhibitors of the dopamine transporter (DAT). Release was reduced upon exposure to reserpine, which inhibits vesicular packaging. Chronic administration of NSD-1015, a dopamine synthesis inhibitor, decreased dopamine release and inhibited pupation, showing a link between neurotransmission and physiology. This is the first method to measure endogenous dopamine in an intact larval Drosophila nervous system and will allow studies of genetic and pharmacological manipulations of dopamine release and uptake.
About 75% of human genes have a functional ortholog in the fruit fly. 7, 8 Drosophila has a short life span, large number of progeny, and can be easily genetically manipulated. These traits are amenable for the development of high-throughput screenings because Drosophila genetic mutants can be created much quicker than in mammalian systems. For example, genetically-altered Drosophila can be produced in 1-2 months, while creating a knockout mouse can take up to 2 years. The limitation for using Drosophila to study neurotransmission has been lack of rapid measurement techniques.
Dopamine is an important neurotransmitter that is implicated in many human behaviors such as cognition, reward, addiction, motivation, and motor function. Understanding dopamine regulation is essential for the treatment of many diseases including schizophrenia, attention-deficit disorder, and Parkinson's disease. Dopamine regulatory functions such as synthesis and uptake are conserved between humans and Drosophila.
9,10 Dopaminergic neurons have been characterized in Drosophila by immunohistochemistry, 11, 12 which provides an understanding of neuronal morphology but not a direct measurement of neurotransmission. To quantitate dopamine tissue content in the fly central nervous system (CNS), tissue homogenates have been analyzed with HPLC or CE. These studies have estimated that total dopamine content ranges from 10 13 to 74 pg 14 in adult fly brains and 12-14 pg 15 in the larval CNS. While these methods can measure multiple neurotransmitters, homogenization destroys the tissue so repeated measurements cannot be made in the same sample. In addition, they do not measure the functional pool of dopamine that is released by exocytosis and acts in the extracellular space as a neurotransmitter.
Direct measurement of dopamine in an intact Drosophila melanogaster CNS has been hindered both by the small size of the CNS and lack of a method to evoke endogenous release specifically from dopaminergic neurons. For Drosophila, small probes are needed because the CNS is only 100 µm wide and approximately 8 nL in volume. Therefore, the ventral nerve cord (VNC) is too small for both microdialysis probes and electrophysiology arrays, which are typically 100-200 µm. Detection of fast changes in dopamine concentrations has traditionally been performed in mammalian systems using fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes. 16 FSCV is advantageous because of its high sensitivity and subsecond temporal resolution. 17 The 7 µm diameter carbon-fiber microelectrode is small enough to be implanted in the tiny fly CNS. The Ewing lab has developed a method using carbon-fiber microelectrodes to detect exogenously-applied dopamine in the adult Drosophila CNS. 18 They evaluated dopamine clearance in normal flies and after pharmacological or genetic manipulation of the dopamine transporter (DAT), which is responsible for uptake. However, because this method does not measure endogenous dopamine, dopamine release cannot be studied.
Recently, our lab has developed a microelectrode method to detect endogenous serotonin release and uptake in the intact ventral nerve cord of a single Drosophila larva. 19 While mammalian experiments have often evoked release using electrical stimulation, the bipolar electrical stimulating electrode used in rodents is larger than the length of the entire larval Drosophila VNC. Utilizing Drosophila's genetic palpability, we have developed a method to evoke endogenous neurotransmitter release by genetically modifying flies to express Channelrhodopsin-2 (ChR2). ChR2 is a bluelight activated ion channel that can be inserted specifically into dopaminergic neurons using the commonly employed yeast GAL4/UAS system. 20 Upon blue-light stimulation, ChR2 opens, and the inward flow of calcium and sodium leads to exocytosis.
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In this study, we develop and characterize a method to measure dopamine release in a single, isolated larval Drosophila CNS. Dopamine release is evoked by blue-light activation of ChR2 and detected using FSCV at carbon-fiber microelectrodes. The advantages of this method are that endogenous dopamine can be measured repeatedly in the same sample in an intact Drosophila CNS. Characterization using pharmacological agents that disrupt synthesis, uptake, and vesicular packaging shows that the Drosophila dopaminergic system is similar to mammals. In addition, chronic administration of a synthesis inhibitor also disrupts pupation, a physiological process requiring dopamine. Therefore, our technique can be used to measure physiologically relevant dopamine changes and will allow Drosophila to be utilized as a model system to study dopamine regulation.
EXPERIMENTAL SECTION
Chemicals. Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. All solutions were prepared using Milli-Q water (Millipore Billerica, MA). A modified Schneider's buffer (15.2 mM MgSO 4 , 21 mM KCl, 3.3 mM KH 2 PO 4 , 36 mM NaCl, 5.8 mM NaH 2 PO 4 , 5.4 mM CaCl 2 , 11.1 mM glucose, 5.3 mM trehalose, pH ) 6.2) was used in all calibration experiments and dissections. Cocaine (50 µM) and 20 µM nisoxetine solutions were made using the modified Schneider's buffer. Similarly, a 100 µM reserpine solution in buffer was made by dilution of a 10 mM stock solution of reserpine dissolved in DMSO. A 20 µM NSD-1015 solution was made in water and mixed with the Drosophila food, Red Star yeast (Milwaukee, WI), making the total NSD-1015 concentration 6.6 µM. The drug-yeast mixture was fed to 3 day-old Drosophila larvae for 2 days prior to experimentation. Larvae were observed under a microscope and appeared healthy but failed to show signs of pupation after 5 days.
Electrochemical Measurements. Carbon-fiber microelectrodes were fabricated by aspirating a single T-650 carbon fiber (Cytec Engineering Materials, West Patterson, NJ) into a 1.2 mm × 0.68 mm glass capillary (A-M systems, Carlsburg, WA). A vertical pipette puller (Narishige, model PE-21, East Meadow, NY) was used to form two electrodes. The carbon fiber was trimmed to a length of 40-60 µm with a scalpel. In order to seal the fiber in the glass, the electrodes were epoxied with Epon Resin 828 (Miller-Stephenson, Danbury, CT) mixed with 14% (w/w) mphenylenediamine hardener (Fluka, Milwaukee, WI). The epoxy and hardener were heated to approximately 85°C, and the electrodes were dipped into the mixture for 30 s and allowed to dry overnight. They were then cured in an oven at 100°C for 2 h followed by 150°C overnight. The electrodes were soaked in isopropanol for 10 min and backfilled with 1 M KCl prior to use.
A Dagan Chem-Clamp potentiostat with modified gain settings was used to collect data (Dagan, Minneapolis, MN). Tar Heel CV software (gift of Mark Wightman, University of North Carolina) was used for data collection and analysis. A homemade breakout box and two computer interface boards (PCI 6052 and PCI 6711, National Instruments, Austin TX) were used to apply the cyclic voltammogram waveform and to collect data as previously described. 22 The electrode was scanned at a scan rate of 400 V/s from -0.4 to 1.3 V and back at a repetition rate of 10 Hz. An Ag/ AgCl wire was used as a reference electrode and was placed in the buffer bath outside the nerve cord. Electrodes were calibrated with a 1 µM dopamine solution before and after implantation into a VNC.
Statistics were performed using GraphPad Prism software. Data are reported as mean +/-standard error of the mean (SEM) for n number of different samples. Data were considered significantly different at the 95% confidence level. Wandering 3rd instar larvae (5 day-old) were dissected in the modified Schneider's buffer unless otherwise noted. The entire CNS was removed, and the optic lobes were removed by a horizontal cut across the anterior thorax region. The isolated ventral nerve cord was adhered to the bottom of a plastic Petri dish (Becton Dickinson, Franklin Lakes, NJ) containing 4 mL of buffer. The dish was placed on a fluorescent microscope, and a 40× water immersion lens was used to visualize the nerve cord while an electrode was inserted into the neuropil region using a micromanipulator. The electrode was inserted a distance of four to five segments away from the cut edge. For acute pharmacological experiments in different nerve cords, samples were dissected in the presence of drug and incubated for 20-30 min prior to electrode implantation to allow the drug to diffuse into the nerve cord. For experiments in the same nerve cord, a VNC was placed in a Petri dish with 3 mL of modified Schneider's buffer. After an initial stimulation, 1 mL of 80 µM nisoxetine was added to the Petri dish to provide a final concentration of 20 µM nisoxetine. All experiments were performed in a dark room. The electrode was allowed to equilibrate after implantation for at least 5 min before the initiation of data collection. Unless otherwise indicated, 30 s of baseline electrochemistry data was collected before VNCs were exposed to 7 s of blue-light illumination from a 10 W halogen microscope bulb with a standard fluorescein emission filter (450-490 nm). Stimulations were repeated at 15 min intervals to allow for recovery.
Immunohistochemistry Experiments. Flies expressing green fluorescent protein (GFP) in their dopaminergic neurons (th-GAL4;UAS-GFP) were mounted and stained using anti-chicken GFP polyclonal antibodies (Aves Labs, Tigard, Oregon).
23 Dopamine cell bodies were imaged with an Olympus 1x70 microscope with a Fluoview 3.3 laser scanning confocal system (Olympus America, Melville, NY). Image reconstitutions were performed with Volocity 2.0 (Improvision, Waltham, MA).
RESULTS AND DISCUSSION
Dopaminergic signaling regulates a variety of complex behaviors in both flies and mammals including addiction, learning, and sexuality. 24, 25 In flies, dopamine also regulates pupation. Because neurotransmitter signaling pathways have been previously shown to be conserved between species, Drosophila is a good model system to study dopamine regulation. 10, 26, 27 We used 5 day-old, 3rd instar larvae, which have been shown to have fully developed dopaminergic neurons. 12, 28 Drosophila larvae are also advantageous over adult flies because their CNS is easily removed and immobilized.
Anatomy of Drosophila Dopamine Neurons. The larval
Drosophila CNS is composed of optic lobes and a segmented ventral nerve cord. The CNS is small: approximately 100 µm wide and 250 µm in length. To visualize the location of dopamine neurons in a larva, a CNS was imaged from a fly expressing greenfluorescent protein in dopamine neurons. In Figure 1A , the optic lobes are the large round features on the left and the ventral nerve cord extends out from them. Dopaminergic cell bodies are visualized as white circles and are evident throughout the CNS. In the ventral nerve cord (box), which is similar to the spinal cord in vertebrates, many cell bodies are located near the midline (dashed line). On either side of the midline, there is a region called the neuropil composed of a dense network of synapses and neurotransmitter release sites including dopaminergic terminals. For electrochemistry experiments, the whole CNS was dissected from the larva and the optic lobes of the CNS were removed to facilitate electrode insertion. Dissection and incubation of CNS tissue in a modified Schneider's buffer has previously been shown to keep tissue viable for up to 6 h after dissection.
19,28 The electrode was implanted in the neuropil to measure release from the dopamine terminals ( Figure 1B) .
Measurements of Endogenous Dopamine Evoked by Channelrhodopsin-2 Stimulation. In order to elicit release from only one type of neuron, we expressed Channelrhodopsin-2 (ChR2) specifically in dopaminergic neurons using the yeast-based GAL4/UAS system. Flies containing ChR2, which are controlled by the upstream activating sequence (UAS) element, were crossed with flies containing GAL4. GAL4 was specifically targeted to cells containing tyrosine hydroxylase (th), a dopaminergic synthesis enzyme. Transcription of UAS requires GAL4; therefore, both UAS and GAL4 must be present in a cell for ChR2 to be expressed. The activation of ChR2 expressed in dopaminergic neurons causes depolarization and exocytosis. 21 This method of neuron-specific ChR2-mediated stimulation has numerous advantages in comparison to electrical stimulation. First, it is specific and activates only one type of neuron. The dopaminergic projections are closely intertwined with other neurons, such as serotonergic projections, so electrical stimulation would be nonspecific. Second, larval dopaminergic neurons are small and the whole nerve cord is smaller than most electrical stimulating electrodes, which are hundreds of micrometers in diameter. Finally, ChR2 stimulation is not action potential dependent, which might facilitate future studies that manipulate basal firing to determine the effects on stimulated release.
Evoked dopamine was measured at a carbon-fiber microelectrode that was inserted in the neuropil ( Figure 1B) . A triangular waveform (-0.4 to 1.3 V and back at 400 V/s, 10 Hz) was constantly applied to the electrode. Figure 2A shows cyclic voltammograms collected after a 7 s stimulation with blue light. The cyclic voltammogram collected from a larva expressing ChR2 exhibits a peak shape and redox features consistent with dopamine release. However, a cyclic voltammogram from a parent fly lacking the ChR2 insertion (th-GAL4) contains no characteristic oxidation or reduction peaks for dopamine. Therefore, ChR2 expression is required to elicit dopamine release. Parts B and C of Figure 2 show all the data collected in a three-dimensional false-color plot for the ChR2-expressing larva and the parent larva without ChR2, respectively. Consecutive cyclic voltammograms are plotted in time on the x-axis, and the applied voltage is plotted on the y-axis. The change in current is represented by color. In Figure 2B , the green area on the color plot corresponds to the oxidation of dopamine and the blue area to the reduction of dopamine. In the control sample without ChR2, a small change in current is observed at the switching potential (1.3 V) but there is an absence of dopamine oxidation or reduction peaks.
A concentration vs time profile can be plotted by converting the current at the maximal oxidation potential for dopamine to concentration using an in vitro calibration. Figure 2D shows the evoked dopamine signal in the ChR2-expressing VNC increases quickly upon stimulation and decays rapidly after the blue-light is turned off, which is consistent with evoked dopamine release and fast clearance. In the larva without the ChR2 insertion, a small change in current is observed when the current at the oxidation potential for dopamine is plotted over time ( Figure 2D ). The change in current is not due to dopamine release, as confirmed by the cyclic voltammogram, but is detected at all potentials. This error is observed upon exposure to blue light, and not other wavelengths, and is likely due to changes in the background current caused by ionic changes during blue light activation. The current change in larva without ChR2 is only about 13 % of the average stimulated release and defines the lower limit of detection (∼110 nM).
The average concentration of evoked dopamine measured in ChR2 expressing larvae is 810 ± 60 nM (n ) 7), which is similar to concentrations observed in mammalian experiments. For example, stimulating a rat brain slice with a single electrical pulse results in approximately 2300 ± 400 nM dopamine in the caudateputamen and from 540 ± 90 to 1500 ± 600 nM in the nucleus accumbens core. 29, 30 In vivo, peak dopamine concentrations between 250 and 600 nM have been observed after short, electrical stimulation pulse trains (0.4-2 s duration). [31] [32] [33] Longer stimulations were necessary to evoke ChR2-mediated neurotransmitter changes in Drosophila similar to electrically-stimulated experiments in mammals. This is most likely due to the low wattage of the halogen lamp and the difficulty of the light to penetrate the outermost glial cell layer of the nerve cord. Additionally, the extent to which ChR2 is expressed is unknown, so not all neurons may be depolarized as with electrical stimulation. Nevertheless, this similarity in magnitude of endogenous dopamine release between Current vs. time plots show that the dopamine signal in a ChR2 expressing larva increases upon blue-light stimulation and decreases after the blue light is turned off. The duration of the blue light stimulus is marked as a line under the trace. The current at the oxidation potential has been converted to concentration using a postcalibration value. The larva without ChR2 has a small change at the oxidation potential for dopamine, not from dopamine release but due to ionic changes in response to blue light.
Drosophila and mammals validates using Drosophila as a model system.
Effects of Stimulation Parameters on Evoked Dopamine
Release. Stimulated release must be stable over a prolonged time interval in order to evaluate changes induced by pharmacological agents in the same sample. Stability parameters were established by varying stimulation length and recovery time. A stable, reproducible signal was achieved with repeated 7 s, blue-light stimulations every 15 minutes. For example, Figure 3A shows an initial 7 s stimulation and the fifth stimulation evoked 60 minutes later in the same VNC. The peak concentration evoked by each stimulation is nearly identical. Figure 3B demonstrates that repeating 7 s long stimulations at 15 min intervals produce stable release for approximately 65 min. At longer times, evoked dopamine begins to decrease.
In order to evaluate the stability of the time course of signaling, the time to half decay (t 50 ) was calculated from the individual current versus time profiles. t 50 is defined as the time from the end of the stimulus until the half maximal concentration is reached ( Figure 3C ). This value can be used as an estimate of uptake by the dopamine transporter. Figure 3D shows t 50 is constant for approximately 65 min, demonstrating that uptake is stable. Prolonged stability of both the release and uptake during stimulated release experiments confirms that Drosophila is a viable model system for making repeated measurements of dopamine in the same sample.
To test the effect of stimulation length on evoked dopamine, the duration of the blue-light stimulation was varied. VNCs were exposed to 3, 5, 7, 10, 12, or 15 s of blue-light stimulation, in that order, with a 15 min rest between stimulations to allow the releasable pool of dopamine to recover (Figure 4) . As the duration of activation increases, the amount of dopamine released also increases until a saturation point is reached around 10 s. For stimulations over 10 s, the peak height plateaus but the duration of signaling is longer. This suggests that either a maximal amount of release has been reached or that uptake is able to clear enough of the released dopamine during the longer stimulations that a steady-state curve is evident. Previously, ChR2 activation has been shown to occur on a millisecond time scale after which the channel reaches a steady state. 34 Once open, ChR2 is responsive to continuous light for almost a full minute. Therefore, it is unlikely that the plateaus in peak height observed for longer stimulations are a result of desensitization of ChR2. A complete return by the signal to baseline is not observed for every stimulation, which is commonly observed in in vitro FSCV experiments. 35 Therefore, the 7 s stimulation was chosen for pharmacology experiments, due to its robust, reproducible signal. However, in future experiments, 5 s stimulations may also be useful because evoked dopamine is well below the maximal peak height.
Characterization of Dopamine Release Using Pharmacology. While fast-scan cyclic voltammetry provides a CV that allows chemical identification of the measured species, many neurotransmitters have CVs that are difficult to distinguish. For example, dopamine and norepinephrine have identical CVs, although the fly does not contain norepinephrine or epinephrine 24 so they are not possible interfering agents in Drosophila. Another method to identify the species being detected is to pharmacologically manipulate the specific neurotransmitter system. 36 Therefore, in order to verify that dopamine was being detected, we inhibited dopamine synthesis pharmacologically with NSD-1015, which blocks the aromatic L-amino acid decarboxylase (AADC) enzyme. AADC catalyzes the decarboxylation of L-DOPA into dopamine, which is the second step in the dopamine synthesis pathway.
NSD-1015 was mixed with yeast and fed to larvae for 2 days prior to the experiment. When a larva is chronically exposed to NSD-1015, the amount of evoked dopamine decreases significantly ( Figure 5A ). The concentration of dopamine measured on the initial stimulation was 410 ± 80 nM (n ) 6), significantly less than normal flies (unpaired t-test, p ) 0.0038, Figure 5B ). While stimulations repeated at 15 min intervals evoke constant release in normal flies, subsequent stimulations from larvae fed NSD-1015 showed even lower release. For example, the second stimulation evokes on average only 43 ± 8 percent of the first, a significant decrease (n ) 5, paired t-test, p ) 0.004). The decrease in evoked release after NSD-1015 demonstrates that the measured neurotransmitter is dopamine and that synthesis is necessary to maintain the releasable pool of dopamine.
In order to pupate, Drosophila metabolizes dopamine into melanin. 24 Interestingly, larvae fed NSD-1015 exhibited delayed pupation by 3-4 days or failed to pupate at all. Our electrochemistry data show a loss of releasable dopamine, and the lack of pupation demonstrates that lower dopamine has a physiological effect. Because NSD-1015 was chronically administered to larvae, this technique is suitable for future studies of the effects of chronic drug exposure on dopamine levels.
To test whether the dopamine release is vesicular, we dissected and incubated VNCs in reserpine. Reserpine inhibits the vesicular monoamine transporter (VMAT) and prevents dopamine from being packaged into vesicles. In mammals, reserpine has been shown to diminish stimulated dopamine release. 37 Because Drosophila possess a functional ortholog of VMAT, the isoform dVMAT-A, the response to reserpine should be conserved between species. 38 Figure 5A shows that 30 min incubation in reserpine significantly reduces dopamine signaling. Evoked release was 180 ± 10 nM, significantly less than buffer-incubated animals (n ) 7, unpaired t-test, p < 0.0001) but higher than in control subjects without ChR2 (n ) 7, unpaired t-test, p < 0.0001), indicating that a small amount of dopamine is still detected ( Figure 5B ). Because reserpine effectively reduced the evoked dopamine signal, dopamine release is indeed vesicular. Therefore, Drosophila is useful in studying mechanisms of vesicular packaging and exocytosis.
Characterization of Dopamine Uptake Using Pharmacology. Dopamine is taken up from the extracellular space back into the cell by the dopamine transporter (DAT). Therefore, if the transporter is blocked, the dopamine clearance rate decreases and dopamine signaling is prolonged, which has been observed in mammalian systems. 39 To test the effect of blocking uptake in Drosophila, VNCs were dissected and incubated in 50 µM cocaine, a drug of abuse and known DAT inhibitor.
26,39 Figure 6A shows example traces of dopamine after uptake inhibition. The evoked peak height is similar for the cocaine and buffer traces, but the signal takes longer to return to baseline after cocaine. The peak concentration elicited by the initial stimulation was 910 ± 80 nM, which is not significantly different from buffer controls (n ) 7, unpaired t-test, p ) 0.6107) ( Figure 6B ). The half decay time (t 50 ) for cocaine-exposed nerve cords increased by nearly 50% and was significantly larger than buffer-incubated controls (n ) 6, unpaired t-test, p ) 0.0001, Figure 6C ), which indicates uptake plays a role in dopamine clearance.
While cocaine has been traditionally used to inhibit DAT in mammals, in Drosophila, cocaine has a higher affinity for the serotonin transporter (SERT) than DAT.
21 Therefore, to prove that DAT is specifically responsible for dopamine clearance, we performed measurements in a different experimental group that was treated with nisoxetine. Nisoxetine has a K i value three orders of magnitude higher for DAT than SERT in Drosophila (5.6 and 5000 µM, respectively). An example trace after 20 µM nisoxetine shows an increase in clearance time compared to samples incubated in buffer ( Figure 6A ). The concentration of evoked dopamine after nisoxetine incubation is 930 ± 150 nM, which is not significantly different from the buffer group (n ) 7 unpaired t-test, p ) 0.6351) ( Figure 6B ). Nisoxetine also significantly increased t 50 ( Figure 6C , n ) 7, unpaired t-test, p ) 0.0001) in a similar manner as cocaine. However the dose is lower for nisoxetine, indicating nisoxetine has a higher affinity for DAT, as has been reported for in vitro studies. 10 These studies indicate that the dopamine transporter is specifically responsible for dopamine uptake.
Slowed clearance time after uptake inhibition is consistent with results found in mammalian studies. Measurements in the rat striatum show that cocaine increases the time course of signal decay by 50%. 40 Additionally, uptake inhibition is expected to increase the peak concentration, since no dopamine will be cleared during the stimulation. For example, brain slice measurements in the nucleus accumbens and striatum of rats have shown significant increases in maximal dopamine concentration after cocaine administration. 29, 41 Peak height increases after cocaine have also been attributed to diffusion from distant sites or release effects. 42, 43 We observed a trend towards higher release after uptake inhibition, but observing a significant increase in Drosophila might require a large number of samples because of the biological variability between samples. Within subject studies might better elucidate these differences.
Thus, we repeated the experiments with nisoxetine in the same sample for comparison. For these experiments, a VNC was dissected in buffer and an initial 7 s, blue-light stimulation was performed. Then, nisoxetine was added to the Petri dish to provide a final concentration of 20 µM, and the same VNC was stimulated at 15 min intervals. The example traces from the same-sample experiment show both an increase in peak height and decay time 30 min after nisoxetine application ( Figure 6D ). Evoked dopamine increased on average from 810 ± 60 nM to 960 ± 50 nM, which is statistically significant (n ) 6, paired t-test, p ) 0.0046, Figure  6E ). This 20% increase is similar to increases in peak height after uptake inhibition observed in mammalian experiments. 43 In samesample measurements, addition of nisoxetine significantly increased clearance time as well (n ) 6, paired t-test, p ) 0.0005).
The t 50 values from the separate group and same sample experiments are not significantly different (p ) 6, unpaired t-test p ) 0.6943, compare parts C and F of Figure 6 ). Therefore, the prior stimulation in the same sample experiment has no effect on the clearance time. These experiments demonstrate that our technique makes Drosophila amenable for studies of dopamine uptake inhibitors and drugs of abuse.
Comparison to Other Techniques. We demonstrate the first direct, real-time measurement of endogenous dopamine release in a single Drosophila larva. Previously, high-pressure liquid chromatography (HPLC) and capillary electrophoresis (CE) studies measured total dopamine tissue content in Drosophila but provided no time course information about extracellular dopamine signaling. 13, 14 Dopamine uptake has been measured in adult fruit flies by the Ewing group. 18 They implanted a microelectrode in the protocerebral anterior medial brain area of an immobilized, The initial concentration of dopamine measured in VNCs in the presence of 50 µM cocaine (n ) 6) or 20 µM nisoxetine (n ) 6) was not significantly different than that measured in buffer (n ) 7). (C) The half decay time (t 50 ) for VNCs dissected in buffer (n ) 7) is significantly less (***, p < 0.001) than for cocaine (n ) 6) or nisoxetine (n ) 6). (D) Concentration versus time profiles from a same-sample experiment. An initial 7 s blue-light stimulation was performed, then the nerve cord was incubated in 20 µM nisoxetine, and another stimulation was performed 30 min later. DAT inhibition increases the clearance time and concentration of dopamine. (E) Evoked release significantly increased (**, p < 0.01) in the same-sample experiment after nisoxetine was added (n ) 6). (F) The half decay time (t 50 ) significantly increased (***, p < 0.001) after nisoxetine.
intact adult fly. The time course of clearance of exogenously applied dopamine was measured using FSCV or amperometry. This experimental design provides information about uptake and they found that dopamine signaling was prolonged in mutant flies lacking DAT function or after administration of cocaine. Our data using cocaine in the larval CNS is consistent with their findings that dopamine uptake in Drosophila is slowed in the presence of a DAT inhibitor. For measuring uptake, our method and the Ewing method are complementary and both indicate Drosophila is a valid model system.
The primary advantage of our method is that we are able to evoke and detect endogenous dopamine release. The ChR2 stimulation is specific to one neuronal type and permits optical control of dopamine release. Our method will allow a range of experiments that test the effects of different pharmacological and genetic manipulations on dopamine release. For example, we could study exocytosis or the function of dopamine autoreceptors on the regulation of release. While it is not possible to make measurements in the intact larva because of body-wall contractions, our method takes advantage of whole CNS culture techniques that have been standardized in Drosophila. Therefore, neuronal connections are maintained, an advantage of using Drosophila larvae over mammalian brain slice experiments.
CONCLUSIONS
We have shown that fast-scan cyclic voltammetry at carbonfiber microelectrodes can be used to measure endogenous dopamine release evoked in an isolated Drosophila melanogaster larval ventral nerve cord. The release of dopamine measured in the presence of pharmacological agents in Drosophila is consistent with data collected from mammalian studies; therefore, dopaminergic signaling in Drosophila is homologous to signaling in mammals. Drosophila is a valuable model system to study dopamine regulation, and the results could be useful for designing better mammalian experiments to reduce the use of higher order animals. For example, our method could be used to examine how chronic cocaine administration or cocaine withdrawal influences dopamine clearance in Drosophila. Additionally, we could monitor dopamine release in flies that have been genetically modified to explore exocytosis or genetic elements affecting DAT. Once dopamine regulation is better characterized in Drosophila, this system could be used to study flies with genetic mutations mimicking human diseases.
